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Evidence that Set1, a Factor Required for
Methylation of Histone H3, Regulates rDNA Silencing
in S. cerevisiae by a Sir2-Independent Mechanism
increase transposition of a silenced Ty1 element in
rDNA. This screen used a yeast strain, MBY1198 (Table
S1), containing two genetically marked Ty1 elements,
one within rDNA (Ty1his3AI-236r), and the other outside
of rDNA (Ty1ade2AI-515) (Figure S1A). Each of these
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200 Longwood Avenue Ty1 elements can be assayed for transposition by a
simple growth test (Figure S1B; see the ExperimentalBoston, Massachusetts 02115
2 Department of Biochemistry Procedures in the Supplementary Material available with
this article online). We screened for mutations that in-and Molecular Genetics
University of Virginia Health System crease the transposition of the Ty1 element within rDNA
but do not alter the transposition of the Ty1 elementUniversity of Virginia
Charlottesville, Virginia 22908 outside rDNA (see the Experimental Procedures). From
approximately 4400 mutagenized colonies, 3 mutants3 Molecular Genetics Program
Wadsworth Center and School of Public Health exhibited a significant increase in transposition of
Ty1his3AI-236r without an increase in transposition ofState University of New York at Albany
Albany, New York 12208 Ty1ade2AI-515. This paper focuses on one of these mu-
tants.
To identify the mutant gene, the site of insertion of
the Tn3::LEU2 cassette was determined (ExperimentalSummary
Procedures). The insertion is located in the SET1 gene,
previously shown to control expression of DNA repairSeveral types of histone modifications have been shown
genes and to control transcriptional silencing at telo-to control transcription [1, 2]. Recent evidence sug-
meres and at the HML locus [14, 15, 18, 19]. Transposi-gests that specific combinations of these modifica-
tion assays demonstrated that a complete deletion oftions determine particular transcription patterns [2–4].
SET1, set1, causes loss of the rDNA-silencing pheno-The histone modifications most recently shown to play
type, similar to that caused by the original set1::Tn3critical roles in transcription are arginine-specific and
mutation (Figure 1A). All subsequent experiments havelysine-specific methylation [4, 5]. Lysine-specific his-
been performed using set1 strains.tone methyltransferases all contain a SET domain, a
To determine if the increased Ty1his3AI transpositionconserved 130 amino acid motif originally identified in
is caused at the transcriptional level, we performedpolycomb- and trithorax-group proteins from Dro-
Northern analysis, measuring the mRNA level producedsophila [6, 7]. Members of the SU(VAR)3-9 family of
from the Ty1his3AI element in rDNA and the total Ty1SET-domain proteins methylate K9 of histone H3 [8, 9].
mRNA level. Our results (Figure 1B) show that the levelMethylation of H3 has also been shown to occur at K4.
of Ty1his3AI mRNA is increased significantly, approxi-Several studies have suggested a correlation between
mately 3.3-fold, in the set1 mutants compared to theK4-methylated H3 and active transcription [10–13]. In
SET1 strains. In contrast, the total Ty1 mRNA level isthis paper, we provide evidence that K4-methylated
not increased in the set1mutants. In addition, in set1H3 is required in a negative role, rDNA silencing in
mutants, Ty1 transposition is increased greatly for thoseSaccharomyces cerevisiae. In a screen for rDNA si-
elements within rDNA, but is not significantly affectedlencing mutants, we identified a mutation in SET1,
for Ty1 elements outside of rDNA (Tables S2 and S3).previously shown to regulate silencing at telomeres
Therefore, Set1 is required for rDNA silencing at theand HML [14, 15]. Recent work has shown that Set1
level of transcription.is a member of a complex [16] and is required for
We also employed a second rDNA-silencing assaymethylation of K4 of H3 at several genomic locations
that measures expression of a modified URA3 gene,[17]. In addition, we demonstrate that a K4R change
mURA3, and the LEU2 gene when integrated either inin H3, which prevents K4 methylation, impairs rDNA
silencing, indicating that Set1 regulates rDNA silenc- the rDNA or outside the rDNA [20]. As previously demon-
ing, directly or indirectly, via H3 methylation. Further- strated, in SET1 strains, expression of the mURA3 and
more, we present several lines of evidence that the LEU2 genes in the rDNA is reduced relative to their
role of Set1 in rDNA silencing is distinct from that of expression when integrated at leu21 (Figure 1C), re-
the histone deacetylase Sir2. Together, these results flecting transcriptional silencing in rDNA [20]. In con-
suggest that Set1-dependent H3 methylation is required trast, in set1 strains, expression of mURA3 or LEU2 in
for rDNA silencing in a Sir2-independent fashion. the rDNA is approximately 100-fold higher than in the
SET1 strain. This experiment verifies that Set1 is re-
Results quired for the silencing of multiple RNA pol II-transcribed
genes when located in the rDNA.
Set1 Is Required for rDNA Silencing
To gain further insight into possible mechanisms of Set1 Does Not Regulate the Mitotic Stability
rDNA silencing, we screened for new mutations that of Ty1 Elements in the rDNA
Previous studies have shown that mutations that impair
rDNA silencing also derepress mitotic recombination at4 Correspondence: winston@rascal.med.harvard.edu
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Figure 1. Silencing Defects of set1 Mutants
(A) Transposition patch assay of SET1, set1::Tn3, and set1 strains on SC-His medium (see the Experimental Procedures).
(B) Effect of the set1 mutation on Ty1his3AI and total Ty1 RNA levels. Total RNA from SET1 and set1 strains was hybridized to a 32P-labeled
sense strand HIS3 riboprobe to detect Ty1his3AI RNA (top), an antisense Ty1 riboprobe to detect total Ty1 RNA (middle), and an antisense
PYK1 riboprobe as a loading control (bottom). These data are representative of three RNA blots. The set1/SET1 ratio of Ty1his3AI RNA
normalized to PYK1 RNA (SE) is 3.3 (0.2). The set1/SET1 ratio of total Ty1 RNA normalized to PYK1 RNA is 1.0 (0.1).
(C) mURA3-LEU2 rDNA-silencing assay. Ten-fold serial dilutions of stationery-phase cultures of SET1 or set1 strains containing the mURA3-
LEU2 cassette at the rDNA or at leu21 were spotted onto SC-Leu, 5-FOA, or SC medium to monitor expression of the mURA3-LEU2 cassette.
The slightly smaller colony size of the SET1 strain JS210-1 (mURA3-LEU2 at leu21), compared to the set1 strain MBY1317 on SC-Leu
medium is most probably caused by the trp163 mutation present in JS210-1.
the rDNA. This correlation has been demonstrated for of green fluorescent protein (GFP). Their localization in
wild-type and set1 strains was indistinguishable (datamutations in SIR2, TOP1, UBC2, and ZDS2 [21–23].
To determine if set1 causes the same phenotype, we not shown). From these results, we conclude that Set1
is not required for the association of Net1 or Sir2 withcompared rDNA mitotic recombination in SET1 and
set1 strains (Experimental Procedures). Surprisingly, the rDNA.
set1 did not alter the rate of rDNA mitotic recombina-
tion (Table S4). The rate of mitotic recombination was The Silenced Ty1 Element in rDNA Is Associated
with K4-Methylated H31.0  103 in a SET1 strain and 1.2  103 in a set1
mutant. These results suggest that the role of Set1 in Recent studies have demonstrated that Set1 is required
for the methylation of histone H3 on K4 and that thisrDNA silencing is distinct from that of Sir2 and these
other factors. Furthermore, these results demonstrate modification is present in the rDNA [17]. To determine
if this modification is also present over the silenced Ty1that the repression of rDNA mitotic recombination and
rDNA transcriptional silencing are separable functions. element, we performed ChIP experiments. Our results
(Figure 3A) show that the Ty1 promoter is indeed associ-
ated with K4-methylated H3 in a Set1-dependent fash-Deletion of SET1 Does Not Alter the Association
of Sir2 or Net1 with the rDNA ion. Thus, in the case of the Ty1 in rDNA, there is a
correlation between K4-methylated H3 and the mRNAThe best-understood mechanism of rDNA transcrip-
tional silencing involves the histone deacetylase Sir2 level.
[24]. Sir2’s localization to the nucleolus and association
with the rDNA [25, 26] are dependent on its interactions The Sir2-Dependent Acetylation Levels in rDNA
Are Not Altered in a set1 Mutantwith Net1, which plays a critical role in nucleolar struc-
ture and function [27–29]. We determined if set1 affects To test for any relationship between Set1-dependent
histone methylation and Sir2-dependent histone deace-the association of Net1 or Sir2 with the rDNA by chroma-
tin immunoprecipitation (ChIP) experiments. Our results tylation in the rDNA, we also performed ChIP experi-
ments. Our results show that K4-methylated H3 is pres-(Figure 2) show that both Net1 and Sir2 associate with
the rDNA nontranscribed spacer (NTS) at wild-type lev- ent in the sir2 mutant (Figure 3B). In this mutant, the
level of K4-methylated H3 is modestly increased at theels in set1 mutants. Additionally, we examined the lo-
calization of SIR2 and NET1 fused to the coding region rDNA, is unchanged at SPT15, and is increased approxi-
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Figure 2. set1 Does Not Alter the Associa-
tion of Net1-HA3 or Sir2 with the rDNA Non-
transcribed Spacer
(A) Chromatin immunoprecipitation analysis
of SET1 and set1 cells shows that set1
does not affect the association of Net1-HA3
with the rDNA NTS. The average ratio of per-
cent immunoprecipitation (%IP) (SD) of the
rDNA NTS for NET1-HA3/untagged NET1 is
6.9 (3.0). The average ratio of %IP (SD) of
the rDNA NTS in the NET1-HA3 set1/NET1
set1 is 7.6 (4.2). The %IP values for the
rDNA NTS from three independent experi-
ments are NET1 SET1: 0.10, 0.04, 0.10; NET1-
HA3 SET1: 0.42, 0.26, 1.0; NET1 set1: 0.10,
0.10, 0.11 (data not shown); and NET1-HA3
set1: 0.44, 0.64, 1.3. Blots of control immu-
noprecipitations did not detect association of
Net1-HA3 with SPT15 or the telomere on the
right arm of chromosome VI (TEL-VIR).
(B) Chromatin immunoprecipitation analysis
of SET1 and set1 cells using Sir2 antibody
shows that set1 does not affect the associa-
tion of Sir2 with the rDNA NTS. The average
ratio of the %IP of the rDNA NTS for SIR2/
sir2 is 4.8. The average ratio of the %IP of
the rDNA NTS for set1/sir2 is 4.4. The %IP
from two independent experiments are SET1
SIR2: 0.17, 0.26; set1 SIR2: 0.14, 0.25; and
set1 sir2: 0.03, 0.06. The set1 also does
not affect Sir2 association with TEL-VIR. The
%IP values from one experiment are SET1
SIR2, 0.28; set1 SIR2, 0.25; and set1
sir2, 0.04. Control immunoprecipitations with no antibody added (data not shown) and from a sir2 mutant showed the specificity of the
antibody. Blots of control immunoprecipitations did not detect association of Sir2 with SPT15. Slanted triangles indicate dilutions (1:100,
1:500, 1:1000) of control input DNA.
mately 4-fold at TEL-VIR, compared to wild-type. There- 108; in the sir2::hisG mutant, it was 1.1 (0.1)  107;
and in the set1 sir2::hisG double mutant, it was 3.8fore, Sir2 is not required for H3 K4 methylation, although
it does affect the level of methylated H3 at TEL-VIR. (0.6)  107. Therefore, the silencing defect is signifi-
cantly increased in the double null mutant, indicatingSecond, we tested if H3 acetylation at K9 and K14 is
dependent upon Set1 or Sir2. We found that the levels that Set1 and Sir2 contribute independently to rDNA
silencing.of diacetylated H3 at the rDNA, SPT15, and TEL-VIR
were unaffected by the set1 mutation (Figure 3B). We
conclude that Set1 does not control the level of diace- Analysis of rDNA Silencing in the Presence
of an Unmethylated Form of Histone H3tylated H3 at the rDNA or at the other loci examined.
We then tested if the acetylation levels are dependent If the rDNA-silencing defect in set1 mutants is caused
by a defect in histone H3 K4 methylation, then an H3upon Sir2. Previous work has shown that sir2 causes
hyperacetylation of histones H3 and H4 located at the mutant that cannot be methylated should cause the
same rDNA-silencing defect as a set1 mutation. ToHM loci [30, 31]; however, this has not previously been
tested for rDNA. We found that sir2 causes a 3-fold test this model, we measured rDNA silencing in an H3
mutant with a substitution of arginine for lysine at posi-increase in the level of diacetylated H3 at the rDNA
(Figure 3B, left panels), a 4.3-fold increase at TEL-VIR tion 4 (K4R) that is not methylated in vivo [17]. Our results
(Figure 4) show that either a set1 mutation or the H3(right panels), and no change at SPT15 (middle panels).
We conclude that the Sir2-dependent hypoacetylation K4R mutant causes a similar increase in Ty1his3AI
mRNA levels. Significantly, in the set1 H3-K4R doubleof H3 in the rDNA is independent of Set1.
mutant, there is no greater increase in mRNA levels,
strongly suggesting that each mutation impairs silencingAnalysis of rDNA Silencing in a set1 sir2
Double Mutant by a common mechanism. In these experiments, we
also observed an effect of both set1 and H3-K4R onTo test if Set1 and Sir2 act independently by a genetic
test, we compared rDNA silencing in set1and sir2::hisG total Ty1 mRNA levels, in contrast to what was observed
for set1 in strains with a wild-type configuration ofsingle null mutants to a set1 sir2::hisG double null mu-
tant by measuring the frequency of transposition of a histone genes (Figure 1B). This effect is not understood,
although it may be due to the reduced number of H3-Ty1his3AI element located in the rDNA. The average (n
22–27) frequency of transposition (SE) of the rDNA- H4-encoding genes present in the strains used for this
experiment (Experimental Procedures). We have ob-Ty1his3AI element in the wild-type strain was 5.8
(1.3)  109; in the set1 mutant, it was 6.7 (0.7)  served that some set1 phenotypes are strengthened
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Figure 3. set1 Results in Loss of K4-Methylated Histone H3 at Several Loci
(A) Chromatin immunoprecipitation analysis of wild-type and set1 strains using antisera specific for the K4-methylated form of histone H3
by quantitative radioactive PCR shows that Set1 is necessary for the presence of K4-methylated H3 in the promoter region of the silent
Ty1his3AI element in the rDNA. The average %IP of the rDNA-Ty1 promoter region in the SET1 strain is 2.5%, and, in the set1 strain, it is
0.1%. The average %IP of the GAL1 UAS region in the SET1 strain is 3.2%, and, in the set1 strain, it is 0.1%. The %IP values from two
independent experiments are: for SET1 at the rDNA-Ty1: 3.5, 1.4; at the GAL1 UAS: 4.4, 2.0; for set1 at the rDNA-Ty1 promoter: 0.1, 0.1;
and at the GAL1 UAS: 0.1, 0.1. Slanted triangles indicate a 2-fold increase in the amount of DNA used in the PCR reactions.
(B) Chromatin immunoprecipitation analysis of SET1 SIR2, set1 SIR2, and SET1 sir2 cells using antisera specific for the K4-methylated
form of histone H3 show that SET1 is required for the presence of K4-methylated histone H3 at these loci. The average ratio of the %IP for
SET1/set1 are: for rDNA NTS, 23; for SPT15, 97; and for TEL-VIR, 24. The %IP values from two independent experiments are: for SET1 SIR2
at the rDNA NTS: 1.7, 1.1; at SPT15: 6.6, 2.1; and at TEL-VIR: 0.6, 0.6; for set1 SIR2 at the rDNA NTS: 0.07, 0.05, at SPT15: 0.04, 0.05, and
at TEL-VIR: 0.01, 0.04; and for SET1 sir2 at the rDNA NTS: 3.1, 1.9; at SPT15: 5.4, 2.1; and at TEL-VIR: 3.2, 2.2. Chromatin immunoprecipitation
analysis using antisera specific for acetylated (K9, K14) histone H3 show that set1 does not alter the levels of acetylated histone H3 at the
rDNA NTS, the SPT15 ORF, and TEL-VIR. Control immunoprecipitations show that sir2 causes an increased level of acetylated histone H3
at the rDNA (average 3-fold increase, n  2) and at TEL-VIR (4.3-fold increase, n  2). The average SET1/set1 ratio of the %IP with the anti-
Ac histone H3 antisera are: for the rDNA NTS, 0.7; for SPT15, 0.8; and for TEL-VIR, 1.0. The average SIR2/sir2 ratio of the %IP with the
anti-Ac histone H3 antisera are: for the rDNA NTS, 0.3; for SPT15, 1.2; and for TEL-VIR, 0.2. The %IP values from two independent experiments
in the SET1 SIR2 strain at rDNA NTS: 0.88, 0.72; at SPT15: 1.1, 1.2; and at TEL-VIR: 0.4, 0.6; in the set1 SIR2 strain at rDNA NTS: 1.4, 0.9;
at SPT15: 1.8, 1.2; and at TEL-VIR: 0.5, 0.5; in the SET1 sir2 strain at rDNA NTS: 2.7, 2.0; at SPT15: 1.3, 0.7; and at TEL-VIR: 2.4, 1.9. Additional
control reactions (with no primary antibody) show the specificity of the protein-A sepharose beads for the antibody-bound chromatin. Slanted
triangles indicate dilutions (1:25, 1:50, 1:100) of input DNA.
in this genetic background (M.B. and F.W., unpublished cently [17], Set1 is required for the methylation of histone
H3 at position K4. These results, taken together withdata). The common phenotypes of set1, H3-K4R, and
set1H3-K4R mutants strongly suggest that set1 phe- our analysis of set1 and H3 K4R mutants, suggest that
Set1 is required for rDNA silencing due to its activity asnotypes are due to a loss of methylation at K4 of H3.
an H3 K4 methyltransferase.
Our results do not yet distinguish whether Set1 andDiscussion
K4-methylated H3 act directly or indirectly to control
rDNA silencing. However, our results provide strong evi-In summary, our results demonstrate that Set1, a factor
previously shown to be important for transcriptional si- dence that the Set1-dependent mechanism acts inde-
pendently of Sir2. First, set1 causes no detectable de-lencing at the HML and telomeric loci [15], also regulates
transcriptional silencing in the rDNA. As reported re- fect in the association of Sir2 and Net1 with the rDNA.
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increased level of H3 K4 methylation in sir2 mutants
suggests that hyperacetylation of H3 enhances H3 K4
methylation. These results suggest a possible functional
relationship between H3 acetylation and methylation.
Supplementary Material
The Experimental Procedures and Supplementary Results can be
found with this article online at http://images.cellpress.com/supmat/
supmatin.htm.
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